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Abstract 
New composite materials and processing methods are continually being 
developed for use in high performance aerospace systems.  One of these new processing 
methods is the vacuum assisted resin transfer molding (VARTM) process, which shows 
promise in producing large structural components that have good properties at a lower 
cost than traditional manufacturing methods.  Future widespread use of components 
manufactured using the VARTM process depends on understanding how these 
components perform under service conditions, specifically under impact and fatigue 
conditions.  The tension-compression fatigue behavior of a four-harness satin weave 
carbon fiber/epoxy (IM7/EPON 862) composite manufactured using the VARTM process 
is investigated in this research.  The results are compared to previous research done to 
determine the tension-tension fatigue behavior of the same material.   
An anti-buckling fixture was used to allow a long, thin specimen to be used for 
the tests without causing a buckling failure when the specimen was under compression 
loading.  The tension-compression fatigue tests were carried out at a percentage of the 
ultimate compressive strength at room temperature.  Failed specimens were examined 
using an optical microscope and a scanning electron microscope to investigate and 
document damage mechanisms and failure modes.  Fatigue life curves were developed 
for stress range, maximum stress, and normalized stress.  Specimens tested under  
tension-compression loading were shown to have lower fatigue life than those under 
tension-tension loading. 
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I.  Introduction 
Composite materials are used extensively today in a many applications.  Since the 
development of glass fiber composites in the 1940s, new fiber and matrix materials have 
allowed modern composites to be used in high performance applications such as aircraft 
and space systems.  Some of the latest aircraft that are being designed and built make 
extensive use of advanced composite materials.  The F-22, shown in Figure 1, entered 
active service in 2005 and is 27% composite materials by weight [24].  
 
Figure 1:  F-22 Raptor 
 
Boeing is building its next generation passenger airplane using composites for 
approximately half of the material by weight.  Composites are also being used to reduce 
weight in space systems [16:3].   
In the Air Force today, the tanker and bomber fleet is approximately 40 years old 
and projected to be in service for another 40 years.  The fighter fleet is a little younger.  
Given the current trend of the rising average age of the fleet, and realizing the latest 
planes to enter into service with more composites for structural components than their 
predecessors, it raises several issues regarding the durability and survivability of these 
advanced composite materials.  Will these systems be as durable as the current systems in 
use?  Can the useful life of these systems be predicted and how will it compare with 
legacy systems?  How damage tolerant are the composite materials to be used in these 
systems?  Part of being able to answer these questions is understanding how the 
composite materials they are made of respond to variable and cyclic loading.   
The high cost of composites is another factor affecting the use of composites in 
aerospace structures.  Traditional manufacturing techniques, like autoclave processing, 
are expensive and, depending on the method used to lay the materials, yield composites 
with material properties that vary from one component to another.  New techniques are 
being developed to increase the desirable qualities of the composite material while 
reducing the cost of producing them.  One promising technology is vacuum assisted resin 
transfer molding (VARTM).  It is an open mold process, which reduces the cost of the 
required tooling.  It also can produce near net shapes, reducing the cost of any secondary 
machining or finishing processes as well as reducing the number of assembly steps and 
the number of fasteners required.  In addition, large structural parts such as wing sections 
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and fuselage components can be rapidly produced using this method.  Another advantage 
of the VARTM process is that it produces components with a low void volume, 
producing stronger parts with longer lifetimes. 
Changes to one of the parameters of a composite material or the process used to 
manufacture it can change the material properties of the finished product.  As an 
example, research conducted by Himmel and Bach [21] on a modified vinylester resin 
system in carbon fiber reinforced composites demonstrated improved fatigue 
performance.  Processing changes, such as stitching and z-pinning have produced 
composites with higher fatigue tolerance than unstitched composites.  
Another line of research in advanced composites is nanoparticle composites.  In 
these composites, nanoparticles, such as carbon nanotubes, are added to the matrix.  The 
material properties and performance of these composites is currently being researched. 
Problem Statement 
The objective of this research is to characterize the tension-compression fatigue 
performance of an IM7/EPON 862 composite material manufactured using the VARTM 
process by obtaining a fatigue life curves.  After fatigue testing, specimens will be 
examined to determine the damage and failure mechanisms.  The results will serve as a 
baseline for further characterization of this VARTM processed IM7/EPON 862 system 
with the addition of carbon nanotubes to the matrix. 
Chapter summary 
Chapter I has introduced the problem statement and objectives of this research.  A 
background of composite materials, composites manufacturing methods, fatigue, and 
damage mechanisms of composite materials will be presented in Chapter II.  Chapter III 
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will discuss some of the research that has been conducted on composite materials and 
fatigue testing of composite materials, including a more detailed description of the 
VARTM process used to manufacture the composite panels than presented in Chapter II.  
The composite material and specimens are described in Chapter IV.  The experimental 
procedures and equipment are discussed, with a detailed description of the anti-buckling 
fixture to prevent buckling during the compression phase of the fatigue cycle are outlined 
in Chapter V.  The results of the fatigue testing and damage mechanisms are presented in 
Chapter VI.  Finally, overall conclusions and recommendations for further research are 
given in Chapter VII. 
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II.  Background 
Composites provide engineers and designers with materials that weigh less and 
have higher specific strength and stiffness than traditional materials, reducing the overall 
system weight.  In aerospace systems, decreased weight allows increased payload, range, 
speed, and performance, all of which are highly desirable in military aircraft and space 
systems. 
Composite materials 
Composites consist of a high strength material held within a matrix.  Using two 
different constitutive materials, a new material is created that can be used for applications 
neither of the original materials were optimized for.  Steel reinforced concrete is an 
example of this.  Concrete has excellent compressive strength, but is extremely weak in 
tension.  Steel reinforcing rods are strong in tension, but on their own are subject to 
buckling.   By combining the properties of these two materials, reinforced concrete can 
be used in a great number of engineering applications that unreinforced concrete would 
not be suitable for, like a beam subject to bending loads.  The concrete carries the 
compressive loads, while the steel carries the tensile loads in the beam [20:328]. 
Composite materials work on the same principle.  Each component of the 
composite adds unique properties to the material.  The fiber provides high strength and 
stiffness to carry primarily tensile loads, while the matrix provides a mechanism to 
transfer stresses to the fibers.  The matrix also supports the fibers and holds them in 
position, as well as protects the fibers from the environment.  Matrix materials, with the 
exception of ceramics, can arrest cracks due to their ductile nature [22:246]. 
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Composites are commonly built up in layers, referred to as a lamina or ply.  A 
lamina is a layer of unidirectional fibers or woven fabric.  The lamina has a principal 
material axis that is aligned with the fiber axis.  In the case of woven fabrics, the 
principal axis is aligned with the warp fibers.  Figure 2 gives an example of both cases. 
 
Figure 2:  Principal axis orientation for lamina,  (a) unidirectional  (b) woven [16:26] 
Laminates are made of two or more lamina.  The orientation of the principal axis 
of each lamina can be varied to yield the desired material properties for the bulk laminate.  
Laminates where the principal axis of each lamina is in the same direction are referred to 
as unidirectional laminates.  Laminates where the direction of the principal axis of each 
lamina varies are referred to as multidirectional laminates [16:26].  Figure 3 shows an 
example of a multidirectional laminate. 
 
Figure 3: Multidirectional laminate [16:26] 
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Another method used to obtain the desired material properties for the bulk 
laminate is to use lamina of different reinforcing material.  These laminates are referred 
to as hybrid laminates.  Hybrid laminates can stack lamina with different reinforcement, 
for example, a carbon/epoxy lamina stacked with a glass/epoxy layer, or can also be 
made of layers that use hybrid reinforcement, for example a lamina made with a woven 
carbon/glass or carbon/Kevlar cloth [16:26, 28:7] 
Composites are defined by the number, type, orientation, and stacking sequence 
of the lamina.  A shorthand notation for communicating stacking sequences has been 
developed.  For example, the notation [0/0/0/0] refers to a four-ply unidirectional 
laminate.  An alternate representation of the same laminate is [0]4.  Subscripts are also 
used to denote a symmetric lay-up, or one that is mirrored about the center of the 
laminate thickness.  A laminate with a stacking sequence of [0/90/90/0] refers to a 
symmetric crossply, which can also be represented by [0/90]s.  An example of a 
symmetric angle ply laminate is [+45/-45/+45/-45/-45/+45/-45+45], which can also be 
represented by [±45]2s.  Hybrid laminates use a superscript on each ply to specify the 
fiber type used as reinforcing material.  An example of a symmetric hybrid angle ply 
laminate is [0C/+45K/-45G/-45G/+45K/0C].  The superscripts C, K, and G are for carbon, 
Kevlar, and glass fibers respectively.  This laminate stacking sequence can also be 
written as [0C/+45K/-45G]s [16:26]. 
Matrix materials 
Commonly used matrix materials are polymers, metals, and ceramics.  Metal and 
ceramic matrix composites are primarily used at elevated temperatures [22:254-255].  
Polymer matrix composites are the most common type of composite used in low 
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temperature structural applications.  As this research used a carbon fiber/epoxy 
composite, further discussion will be limited to polymer matrix composites. 
Polymer matrix materials come in two forms, thermoset polymers and 
thermoplastic polymers [8:9].  Thermoset polymers are typically a two-part resin and 
hardener system where the components are mixed before infusion into the reinforcement.  
Once mixed, the material undergoes polymerization and cross-linking during the curing 
process.  Once cured, they do not melt, but are subject to thermal degradation and loss of 
material properties at elevated temperatures.  Examples of common thermosets are 
polyesters, epoxies, vinylesters, polyimides, and bismaleimides.  Polyesters cure quickly 
and can be used at room temperature.  As a result, they are used extensively.  They 
exhibit good mechanical properties and are a low cost matrix material.  Polyesters are 
suitable for low temperature applications.  Epoxies are also used in many composite 
applications.  Compared to polyester resins, their mechanical and thermal properties are 
superior.  Epoxies can be custom formulated to have a stiffness matched to a particular 
application.  Varying the type of hardener can also tailor the thermal properties and cure 
cycle times and temperatures.  Vinylesters combine desirable characteristics of polyesters 
and epoxies, and are used in corrosive environments.  Polyimides and bismaleimides are 
examples of thermosets that are used at elevated temperatures.  They have been used in 
applications at temperatures above 300°C [16:33-34].   
Thermoplastics are fully reacted polymers, but unlike thermosets, there is no 
cross-linking of the polymer chains.  This allows them to be softened or melted by 
heating them and then forming to the desired shape.  Commonly used thermoplastics are 
polypropylene, polyphenylene sulfide, polysulfone, poly-ether-ether-ketone (PEEK), and 
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thermoplastic polyimides.  Thermoplastics have good mechanical and thermal properties.  
They can also be processed more quickly than some of the thermosets.  They have been 
found to have shorter fatigue lives than composites made with a thermoset matrix 
[16:35]. 
The decision of what matrix material to use in a composite has a large effect on 
the processing conditions and equipment needed to manufacture the composite.  
Important considerations outside of the mechanical material properties are pot life, shelf 
life, viscosity, and cure time [8:12]. 
Reinforcement materials and forms 
Reinforcing materials for composites can be particles, whiskers, short fibers, or 
continuous fibers.  Since the material in this research used woven fabric of continuous 
fibers, further discussion on fibers will be limited to continuous fibers.   
Several different types of fibers have been used to manufacture composite 
materials, but they typically share the desirable characteristics of high strength and 
stiffness combined with low density [16:30].  The most common fiber reinforcements 
used today are glass, aramid, and carbon fibers [8:40-48].  The average fiber diameter 
used in composites is usually less than 0.01 millimeters.  The small diameter is a primary 
reason the fibers are so strong.  It forces the molecules to be aligned with the longitudinal 
axis of the fiber.  It also means that the probability of a defect existing in the fiber is low 
due to the small cross sectional area of the fiber [22:246]. 
Glass fibers are the most widely used reinforcement in low- to medium-
performance composite materials.  They are the least expensive reinforcing material 
[16:30, 22:245].  The main component of glass fibers is silica (SiO2).  The silica is doped 
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with various oxides to vary the composition and mechanical properties [8:41].  The fibers 
are made by drawing molten glass through a small diameter die and then quickly 
quenching it.  Fiber diameter is a function of die size, draw speed, temperature, molten 
viscosity, and cooling rate [8:43].   
Aramid, or Kevlar fibers are an organic fiber made by dissolving a polymer in 
sulfuric acid and then extruding the resulting mixture [16:32].  They have extremely high 
specific strength and exhibit higher toughness than glass or carbon fibers.  Aramids are 
hydrophilic, and their material properties are reduced as they absorb moisture.  As a 
result, hygrothermal stresses must be accounted for [22:246].  They also bond weakly 
with the matrix, resulting in low transverse tension, longitudinal compression, and 
interlaminar shear strengths [8:45, 16:32].   
Carbon fibers are the most widely used reinforcement in high-performance and 
advanced composites [8:46].  The parameters of the manufacturing process can be 
adjusted to tailor the stiffness and strength to meet the requirements of a specific 
application [16:31].  Carbon fibers are manufactured by heating and carbonizing a 
precursor fiber.  Precursor fibers can be derived from organic polymers or pitch.  Two 
precursor fibers that are commonly used are Rayon and polyacrylonitrile (PAN).  To 
make carbon fibers from a precursor, the fibers are stretched and heated to between 
200°C and 315°C.  This step oxidizes and heat sets the fibers, which cross-links the 
polymer chains in the fibers, stabilizing the structure and preventing melting during the 
extremely high temperatures of the carbonization step [8:46].  The carbonization step 
heats the fibers in a nitrogen atmosphere to temperatures above 800°C.  During this step, 
the fibers decrease in weight and diameter.  After carbonization, the finished fibers are 
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surface treated and sized in preparation for further processing [16:31].  PAN fibers are 
the type most commonly used to make carbon fibers.  Carbon fibers made from a pitch 
precursor are more expensive than PAN precursor fibers, but are commonly used in space 
applications requiring high stiffness [8:47]. 
The strength and material properties of the finished carbon fibers are a function of 
the precursor used and the processing conditions.  Fiber tension during processing 
impacts the final properties of the fiber, as does the processing temperature.  Flaws such 
as nicks or abrasion in the precursor fibers also will impact the final strength of the 
finished fibers, but will not affect other material properties [8:47-48]. 
Several factors should be looked at when selecting a reinforcement fiber.  If a 
primary requirement of an application high tensile strength and stiffness, a fiber with 
good tensile strength and modulus is a good choice.  If the loading is primarily 
compressive, a fiber with good compressive strength and modulus could be chosen.  
Other factors to consider are density, coefficient of thermal expansion, impact strength, 
environmental resistance, and cost.  Ultimately, the decision of what reinforcing fiber, or 
combination of fibers, will be driven by trade offs within the design parameters of the 
desired application [8:8-9].   
Once the fibers are manufactured, they are processed into various forms in 
preparation for using as composite reinforcement.  Carbon fibers are bundled into tows, 
which ASTM Standard D3878 defines as “an untwisted bundle of continuous filaments” 
[2].  Tows come in different sizes, ranging from 1000 fibers per tow to over 200,000 
fibers per tow.  Common sizes used commercially are 3000, 6000, and 12,000 fibers per 
tow, designated 3k, 6k, and 12k tows respectively.  Woven fabrics are usually made from 
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3k and 6k tows, while unidirectional tapes use 12k tows [8:48].  Combining tows into 
tapes and fabrics makes building composites easier than trying to build up layers with 
individual tows, although processes have been developed that depart from the standard 
lay up of composite layers, weaving, knitting, or braiding individual tows together into 
what is referred to as a three dimensional textile composite [8:309, 311, 314]. 
Unidirectional or non-woven multi-directional laminates are typically laid up 
using unidirectional tapes.  The desired stacking sequence is laid and then infused or wet 
out with resin.  These laminates have good tensile properties and depending on the 
processing method, have high fiber volume fractions. 
Woven fabrics are used extensively in the manufacture of composites.  Tows are 
woven into fabrics of different configurations based on the interlacing pattern of the tows.  
Three common fabrics, shown in Figure 4, are the plain weave, twill weave, and satin 
weave.  The longitudinal direction is called warp, and the transverse direction is referred  
 
Figure 4:  Woven fabrics, (a) plain, (b) twill, (c) 8-harness satin [16:33] 
to as the weft or fill.  In a plain weave fabric, the warp tows are interlaced over every 
other fill tow.  Twill weave fabrics have warp tows that interlace over every third fill tow.  
Satin weaves have warp tows that interlace every nth fill tow.  The term “harness” is used 
to describe satin weave fabrics, where an n-harness fabric has warp tows that interlace the 
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nth fill tow.  For example, a satin weave fabric that goes over three fill tows and under 
the fourth is referred to as a four-harness satin weave [16:33].  This research uses a 
composite made of a four-harness satin weave carbon fiber cloth. 
Each type of woven fabric has advantages.  Plain weave fabrics have the most 
interlacing of all woven fabrics and are the most resistant to distortion during handling of 
the fabric.  This is not a problem when using plain weave fabrics for forming flat panels 
and simple shapes such as cylinders, but forming them to complex shapes is difficult.  
Satin weaves have the lowest level of interlacing of the woven fabrics, and as a result are 
the easiest to smoothly form to complex shapes [8:51-53].  The level of tow interlacing 
also affects their strength properties.  As tows are woven and interlaced, they crimp, 
which slightly reduces their ultimate strength.  The level of crimp is a measure of the 
waviness of the tow.  The different weaves have different levels of crimp, with plain 
weaves having the most and the satin weaves having the least [16:33].  Tensile properties 
of woven laminates are typically lower than unidirectional crossply laminates due to fiber 
crimping.  As a tensile load is applied, the fibers straighten out, transferring high stresses 
to the matrix surrounding them [25:822].  Even with decreased tensile properties, the 
manufacturing and cost advantages of using woven cloth are evident in their widespread 
use. 
Manufacturing methods 
There are many ways that composites are manufactured, from manual processes 
such as wet lay up, to processes with a high degree of automation.  Each has advantages 
and disadvantages, and like most engineering and manufacturing processes, trades are 
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made to balance the desirable and undesirable aspects of each process and determine the 
best method for the application. 
Manual methods 
Wet lay up is a very labor intensive method, and is subject to the most variability 
in quality due to the human touch.  Resin is sprayed or poured onto a layer of fibers, 
which may be in the form of unidirectional fibers, woven fabrics, or a non-woven mat.  
The lay-up is then rolled out to remove as many of the air bubbles trapped in the resin 
and reinforcement to minimize the number of voids in the final product.  The composite 
is built up one layer at a time.  Fiber volume fractions for wet lay-up composites are 
typically 40 percent or less and part quality is highly dependent on the skill of the worker.  
This is a time and labor intensive process, making this method suitable for small lot 
custom work or one-off production [8:400].   
Another manual lay-up process is referred to as spray-up.  This method uses 
special equipment to chop a continuous fiber into small lengths and sprays the fibers and 
resin into an open mold.  Material can be built up quickly using this method.  More 
complex parts can be created using spray-up when compared to wet lay-up, and it is 
better suited for mass production.  Without additional processing, such as vacuum 
bagging, pressure bagging, or autoclave to increase the density of the composite, fiber 
volume fractions are limited to 35 percent or less [8:404]. 
Liquid molding processes 
A dramatic improvement on the manual lay-up methods is provided by a family 
of processing methods referred to as liquid molding.  Very complex and dimensionally 
accurate parts can be made using these processes.  An advantage of this is the potential to 
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reduce part count, molding in a single part what would otherwise be several parts that 
need to be fastened together [8:304].  In liquid molding processes, a dry preform of 
reinforcement is placed in a mold and the resin is infused into the preform under pressure 
or vacuum.  The most common liquid molding process in use today is resin transfer 
molding (RTM).  The RTM process involves putting a dry preform in a closed mold and 
injecting liquid resin under pressure.  After infusing the preform, the part is cured under 
pressure at an elevated temperature [8:305].  A schematic of the RTM process is shown 
in Figure 5. 
 
Figure 5:  RTM process [16:38] 
A variation on the RTM process is vacuum-assisted resin transfer molding 
(VARTM).  This process uses vacuum to assist resin infusion and provide pressure on the 
laminate while curing.  An advantage of VARTM over RTM is the tooling is simpler, 
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being an open mold process that is not subject to the large loads experienced by RTM 
tooling due to the pressure required to push the resin into a closed mold.  In the VARTM 
process, the dry preform is placed on an open mold, covered by a release layer and a resin 
distribution layer.  Vacuum lines and resin distribution lines are placed near the preform.  
The assembly is covered by a vacuum bag which is sealed to the edges of the mold.  A 
typical vacuum bagged preform is shown in Figure 6. 
 
Figure 6:  Typical VARTM setup [6:72] 
A vacuum is drawn and resin is fed into the preform through the resin distribution 
line.  The resin flows vacuum assisted through the resin distribution layer down through 
the preform to the vacuum line.  One disadvantage of the VARTM process is that the 
resins need to have low viscosity, which may decrease mechanical properties [8:349, 
16:39-40]. 
Other processes 
Other composite manufacturing methods include filament winding and pultrusion.  
Filament winding is typically used to make axisymmetric components like pipes, pressure 
vessels, and rocket motor casings.  Resin impregnated fibers are wound on a rotating 
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mandrel [16:37-38].  Pultrusion is a process where continuous fibers are pulled through a 
resin bath and consolidated through a heated die where the resin cures.  The material is 
cut to length as it pulled out of the die.  Many structural shapes, such as tube, channel, 
and beams are manufactured this way [8:432-436]. 
Composite panels manufactured using the VARTM process were used for this 
research. 
Fatigue and damage mechanics 
The study of material fatigue has been going on for nearly a hundred and fifty 
years [7:1].  Work in this field was begun to determine why components that were 
stressed well below their ultimate tensile strength, or even their yield strength, would fail 
suddenly.  Fatigue can be characterized as the gradual accumulation of damage when a 
material is subject to variable or cyclic loading.  Understanding fatigue behavior of 
materials is essential to designing safe, durable products and effective preventative 
maintenance programs.  Many aerospace applications subject a material to variable or 
cyclic loading.   
In homogeneous materials like metals, fatigue damage begins with a small crack.  
A crack can occur at grain boundaries, dislocations, inclusions, or even tool marks.  
Cracks act as stress concentrators, and they grow as the material is stressed.  While 
correlations can be made between composites and metals, fatigue in composites is a 
different process.  From a fracture mechanics perspective, crack growth in a 
homogeneous material occurs such that the growing crack is similar in shape and 
orientation.  Fracture of composites is driven by microcracks throughout the material 
[1:271].  This can be attributed to the non-homogeneous nature of composites on the 
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micro-scale level.  On a macro-scale, delamination between plies of a composite can be 
compared to a crack in metals [9:207].  Prior to delamination occurring, however, 
considerable damage accumulates on the micro-scale.  The ultimate fatigue failure of a 
composite is preceded by numerous failures of fibers and matrix throughout the 
composite.  This micro-scale damage can be a matrix failure, fiber failure, or failure of 
the fiber-matrix interface.  Figure 7 shows damage exhibited by composite materials. 
 
Figure 7:  Composite damage mechanisms [1:273] 
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With each occurrence of micro-scale damage, there is a redistribution of stress 
within the composite as the matrix transfers the load from the failed fiber or interface to 
the neighboring fibers.  Ultimately, the cumulative damage prevents the composite from 
effectively redistributing the load from failed fibers and matrix to sound fibers and 
matrix, leading to the failure of the material [7:354]. 
As a composite material is subject to cyclic loading, matrix cracking in transverse 
tows is usually the first damage to appear.  Figure 8 shows an example of matrix 
cracking.  Matrix cracks occur when the tensile stress in the transverse tows exceeds the 
strength of the matrix material, causing failure of the matrix or failure of the matrix/fiber 
interface.  Structures that are subject to tensile-compressive cyclic loading experience  
 
Matrix crack 
Figure 8:  Matrix cracking in transverse fiber tow 
fiber fractures near the crack tips, which reduce the strength of the material [27:20].  
Additional damage characterized by local debonding of fibers from matrix accompanies 
fiber fractures.  As damage accumulates and the stresses in the material are redistributed, 
the layers of the composite begin to separate.  This is referred to as delamination.  Matrix 
cracks in transverse tows act as initiation points for delamination to develop. 
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Micro-scale damage in the composite progresses as it is subjected to cyclic 
loading.  During the initial phases, damage accumulates rapidly, then increases gradually 
over most of the life of the composite.  Another sharp rise in the level of damage is seen 
as delaminations grow until failure.  Figure 9 demonstrates the progression of damage 
growth for a composite under general cyclic loading. 
 
Figure 9:  Phases of damage development under cyclic loading [27:29] 
Damage mechanisms seen in composites subject to compressive loading are fiber 
kinking and microbuckling.  The stiff fibers used to reinforce composites excel in 
tension, but are subject to buckling under compression.  Several models have been 
developed to predict this behavior, but most fall short of accurately predicting the 
behavior of the reinforcing fibers under compressive loading.  The simplest model is the 
Euler buckling equation.  The assumptions for this equation are that the loading is 
centrally applied to the column (or fiber) and the ends are free to move.  The Euler 
equation does not take into consideration that the fiber is supported by the matrix, which 
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provides a kind of elastic cushion on the sides of the fiber, giving support to the fibers 
and restraining them, preventing buckling [17:590].  The Euler buckling equation with 
the above assumptions is 
2
2
L
EIP π≥        
where 
=P applied load      
=E Young’s modulus      
=I moment of inertia      
=L length of column      
Other models have been proposed that attempt to factor in the support provided 
for the fibers by the matrix.  One aspect missing from some of these models is that they 
are attempts to model a macro-scale instability of the material when fiber buckling is a 
micro-scale, local occurrence.  Another deviation from a simple column representation of 
fiber buckling is that fibers in real composites usually have some waviness to them.  A 
column with an undulating profile will have lower stability in compression than a straight 
column [1:276-277]. 
Fatigue testing 
To characterize the fatigue response of materials, a sample is subjected to a 
variable load that is usually cyclic in nature.  Several parameters are used to describe a 
fatigue test, including cyclic frequency, waveform shape, magnitude of loading, and type 
of loading.  A variety of waveforms are used, including sine, square, and triangular, with 
sine waves being a commonly used waveform.  The magnitude of the loading is usually 
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determined as a percentage of the ultimate strength of the material.  Tension-tension 
fatigue testing uses the percentage of ultimate tensile stress, while tension-compression 
and compression-compression use the percentage of the ultimate compressive stress..  
The type of loading is defined by its R value, which is found by the relation 
max
min
σ
σ
=R        
where 
=maxσ maximum stress level     
=minσ minimum stress level     
A positive R value indicates either tension-tension or compression-compression variable 
loading.  A negative R value indicates tension-compression loading.  Tension-
compression loading is used in this research.   
Tension-compression fatigue testing with long, thin samples presents a problem 
with premature failure due to buckling when a compressive load is applied to the 
specimen.  The Euler buckling equation can be used to approximate the critical stress for 
a sample, but testing at that critical stress would limit testing to very low levels of 
compression.  A solution to this problem is to use a guide to prevent buckling of the 
sample.  A proper anti-buckling guide should not restrain movement in the axial 
direction.  Any interference from the guide in the axial direction would skew the test 
results.  It should also prevent lateral movement of the specimen.   
One of the reasons for conducting fatigue testing is to develop a stress-fatigue life, 
or S-N, diagram for the material.  The diagram is generated by testing samples at various 
stress levels and plotting the maximum stress level against the number of cycles until 
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failure.  Another variation of the fatigue life curve is to plot the stress range, σΔ , against 
the number of cycles until failure.  Sometimes the stress level is normalized against the 
ultimate strength of the material.  This provides a useful comparison between tension-
tension, tension-compression, and compression-compression modes.  From an S-N curve, 
an estimate of component life can be made for a given load level. 
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III.  Literature Review 
A great deal of research has been accomplished to try to characterize composite 
materials and their mechanical properties.  Some has been in the form of analytical 
research, developing models to predict the behavior of the composite material.  A larger 
body of work is on the experimental side. 
Woven fabric characterization 
Chen and Ye [11, 12] developed micromechanical models to predict the level of 
compaction experienced by woven fabrics when used as a preform in RTM and other 
liquid molding processes.  One model was for a single layer of fabric, and the second was 
a multilayer model that has greater application in manufacturing.  The compaction of the 
layers is important in the manufacturing process, as the more compaction a preform 
experiences during processing relates to higher fiber volume fractions in the final 
product.  Their model does not predict built in fiber stresses due to the compaction. 
Chou and Ishikawa [13] developed models to predict the stiffness and strength of 
woven fabric composites.  The analysis was based on classical lamination theory and the 
geometry of a unit cell of the woven fabric.  The crimp shape of the longitudinal fibers 
and the distortion of the warp fibers were modeled.  The shape of the fibers in the unit 
cell was used to calculate a volume fraction for the composite, and a local angle of 
departure from the lamina plane was calculated and used to calculate a local stiffness and 
strength.  Their work examined plain weave and satin weave fabrics and was found to 
agree with experimental data. 
Woo and Suh [32] conducted finite element modeling of plain weave composites 
to study the effects of phase shift interaction between laminate layers on the composite 
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stiffness.  Phase shift refers to the misalignment of fill fibers waviness with adjacent 
layers.  Their model was based on a unit cell containing resin pockets and mixed resin-
fiber regions.  The results showed strong variations in stiffness as the phase shift was 
varied.  The model showed the stiffest material resulted when the peak of one fiber was 
laid next the trough of the layer next to it.   
Li, et al., [23] investigated the compressive failure mechanisms of woven 
composites.  Their research included testing a unidirectional composite, a four-harness 
satin weave composite, and a composite with alternating unidirectional and woven 
lamina.  Damage was characterized by fiber kinking and inter-yarn debonding areas of 
the woven fabric where the tows are interlaced.  After testing, a finite element analysis 
was conducted to see if failure modes could be predicted.  The results showed high levels 
of out of plane shear stress in the crimped region of the woven material, causing the inter-
yarn debonding. 
Fatigue research 
Bishop [4] compared tensile, compressive, and fatigue performance of woven and 
mixed-woven laminates (non-woven layers aligned with the 0 degree direction with 
woven fabric layers 45 degrees off axis) to non-woven composites.  Notch sensitivity and 
impact performance were also investigated.  The carbon fiber fabric was a five harness 
satin weave.  Fatigue testing was conducted in 0-tension, 0-compression, and tension-
compression modes.  Anti-buckling fixtures were used for the 0-compression and 
tension-compression tests, but were not described in detail.  The conclusions of this 
research were that 0-90 laminates of woven fabric have reduced tensile and compressive 
strength, as well as reduced stiffness, toughness and fatigue life when compared to non-
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woven laminates.  This was attributed to fiber crimping and distortion from the woven 
nature of the fabric.  The mixed-woven laminates exhibited material properties similar to 
non-woven laminates of the same stacking sequence, but showed increased impact and 
fatigue performance. 
Naik, et al., [26] conducted tension-tension fatigue tests on an eight ply, five 
harness satin weave AS4/Epoxy composite.  The laminates were made by resin transfer 
molding.  Fatigue tests were conducted using an R ratio of 0.1 at 10 Hertz at room and 
elevated temperature.  From their observations of the damage samples exhibited during 
the tests, fatigue damage mechanisms were developed.  Their model proposes that initial 
fatigue damage to a woven composite is dominated by matrix cracking in the transverse 
yarns.  The second phase is debonding in the areas where the warp and fill yarns cross, 
sometimes referred to as “meta-delamination”.  This damage mechanism is seen only in 
woven composites.  These debonded areas grow into interply delaminations before final 
failure.   
Stinchcomb and Bakis [30] conducted fatigue tests on a number of different 
composite materials and configurations, including specimens with a center hole.  The 
specimens were made of unidirectional lamina stacked in various sequences to obtain a 
multidirectional laminate.  Fatigue tests were done under tension-tension with an R value 
of 0.1 and under tension-compression with an R value of -1.  No anti-buckling fixture 
was used for the tension-compression mode.  The tension-compression specimen 
geometry was determined by calculating the largest unsupported length that would 
produce compression failure instead of buckling.  They observed matrix cracking, 
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delaminations, and fractured fibers as the damage mechanisms in each material under 
tension-compression fatigue. 
Himmel and Bach [21] compared the fatigue response of laminates manufactured 
by vacuum assisted resin infusion (VARI) and RTM methods using three different matrix 
systems.  Non-woven unidirectional and angle ply laminates were both manufactured and 
tested.  Fatigue testing was done in tension-tension, tension-compression, and 
compression-compression modes, with R values of +0.1, -1 and +10 respectively.  An 
anti-buckling fixture, similar to the one used by Bolick [6:130] was used when the 
samples were subjected to compressive loading.  They found that the RTM composites 
had longer fatigue lives than the VARI specimens.  This was attributed to the higher fiber 
volume fraction in the RTM composite and the presence of voids in the VARI composite. 
Aymerich, et al., [3] examined the fatigue behavior of stitched graphite/epoxy 
laminates.  Unidirectional lamina were stacked into several configurations of 
multidirectional laminate.  Some of the unidirectional tape lay ups were stitched with 
Kevlar thread through the thickness of the material.  Tension-tension fatigue testing was 
done, using an R-value of 0.1.  The stitching was generally found to increase the fatigue 
life while decrease the static strength of the composite.  
Curtis, et al., [15] investigated the fatigue behavior of carbon fiber reinforced 
PEEK.  In their research, prepreg non-woven carbon fibers were used to build the 
laminates, which were then put through a compression molding process.  The stacking 
sequence and cooling rates were varied.  The completed composites were then fatigue 
tested in 0-tension and 0-compression modes.  Tension-compression fatigue testing was 
not done.  The tests were run at 5 and 0.5 Hertz.  A temperature rise of the specimen was 
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observed as it was tested that was dependent on cyclic frequency.  The temperature rise 
for the 5 Hertz tests was an order of magnitude greater than those run at 0.5 Hertz.  This 
observation was considered when designing the fatigue test program for this research. 
Bolick [6] also referred to the self-heating effect of composites undergoing 
fatigue testing in his dissertation.  His research conducted tension-compression fatigue 
testing of stitched, unstitched, and z-pinned AS4/epoxy composites.  He observed that 
there is no established standard for tension-compression fatigue testing of composites.  
Prior to full scale testing, a temperature analysis was conducted.  Fatigue tests were done 
at 10, 8, 5, and 2 Hertz using thermocouples and an infrared thermometer to measure any 
temperature rise.  It was found that at 2 Hertz there was no change from ambient 
temperature on the outer surface of the specimen.  Tension-compression fatigue testing 
was conducted at 2 Hertz.  The material in this research is also a carbon/epoxy composite 
comparable to the one tested by Bolick, so the fatigue tests were also conducted at a 
frequency of 2 Hertz.  Bolick also detailed an anti-buckling fixture in his work.  This 
fixture was used as a pattern for the fixture used in this research.  The purpose of the anti-
buckling fixture is to keep the specimen aligned with the applied force when a 
compressive load is applied, preventing premature failure of the specimen.  The 
techniques and procedures developed and demonstrated by Bolick were followed in this 
work.  
Green [19] conducted tension-tension fatigue tests on the same IM7/EPON 
composite used in this research.  The tests were run at 5 Hertz with an R value of 0.1.  
Green’s data is included in this work to compare the fatigue life under tension-tension 
loading to the fatigue life under tension-compression loading. 
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IV.  Material and Specimen Description 
Material 
The material used in this research is a carbon/epoxy composite made using an 
EPON 862 epoxy resin reinforced with a four-harness satin weave IM-7 carbon fiber 
fabric.  They were manufactured by a team from North Carolina Agricultural and 
Technical State University using a double bagged VARTM process described by Bolick 
[6:41-73]. 
A waxed LEXAN mold was used to provide a flat, thermally homogeneous 
surface to build the material on.  Materials were then stacked on the mold.  A release 
layer of Mylar was placed on the waxed mold.  The Mylar layer eases removal of the 
composite panel from the mold after the initial cure.  A porous nylon peel ply was placed 
on top of the Mylar.  Ten layers of the carbon fiber fabric were stacked next, followed by 
a top layer of peel ply.   
After the dry materials were stacked, the mold was prepared for the vacuum 
bagging process.  A mastic sealant was laid on the mold around the stack of materials, 
leaving a two inch space on all sides of the stack.  The vacuum and resin lines were then 
placed on opposite sides of the materials inside the mastic border and taped to the Mylar 
layer.  Additional mastic was placed where the tubing crossed the mastic border to 
provide a good seal.   
A polyethylene mesh serves as a resin distribution layer is placed under the resin 
line and placed on top of the second layer of peel ply.  The purpose of this layer is to 
allow the resin to be evenly distributed through the panel.  The resin typically fills the 
holes in the mesh, which then flows down through the material [8:349].   
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After the material stack was prepared and the resin and vacuum lines placed, the 
entire assembly was ready for vacuum bagging.  Vacuum bagging material was cut to 
overlap the mastic border by about 50 millimeters (2 inches).  Wrinkles were removed, 
and the bag was pressed into the mastic border.  Special attention was given to the areas 
where the vacuum and resin lines crossed the mastic border, ensuring a good seal where 
the penetrations were located.   
After sealing the bag, a vacuum was applied.  Wrinkles that formed in the vacuum 
bag were smoothed out and the assembly was checked for leaks using a vacuum gauge.  
Any leaks were then sealed.  Once the inner bag was properly sealed, an outer bag was 
applied by placing another mastic border between two and three inches away from the 
first bag.  Another vacuum line was placed in this space, covered by distribution media.  
Extra mastic was wrapped around the vacuum line where it crossed the mastic border.  
Another vacuum bag was cut and placed in the same fashion as the inner bag.  The two 
vacuum tubes were connected to a Y-fitting and both bags were placed under vacuum.  
Any wrinkling in the outer bag was smoothed and a vacuum gauge was used to check for 
leaks.   
After vacuum bagging was complete, the amount of resin and hardener was 
calculated and mixed.  The mixed resin was then vacuum degassed to prevent the 
formation of air bubbles when the resin was drawn into the vacuum bag.  Any air bubbles 
that form during the resin infusion process will result in void in the finished panel. 
With the lay-up bagged and under vacuum and the resin prepared, everything was 
ready for infusing the resin into the carbon fiber fabric.  Another critical parameter that 
influenced the quality of the panel was the resin flow rate.  A flow rate that is too fast 
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would result in voids due to trapped air being unable to escape.  The resin flow rate was 
controlled by an adjustable hose clamp that could be opened to increase flow rate, or 
closed to decrease flow rate.  A flow rate between 31.75 and 50.8 millimeter per minute 
(1.25 and 2.0 inches per minute) of travel across the panel was used.   
The panels were green cured, followed by a post cure.  Once cured, the panels 
were cut into test specimens. 
Specimens 
The specimens were cut from the composite panels using a water jet cutter.  
Water jet cutting proved to be a very effective way to cut the composite, cutting most of 
the samples with no delamination or edge damage.  On some of the initial specimens, 
there were small areas of delamination on the bottom edge of the sample.  This was due 
to a combination of the material on the bottom edge not having support on the backside 
of the cut, and the cutter running out of abrasive grit.  The high pressure of the water 
without abrasive grit was sufficient to cause minor delamination on the back face.  This 
was prevented in subsequent cuttings by attaching the panel to a sacrificial acrylic or 
polycarbonate backer sheet.   
The panels were cut into specimens measuring 25.4 by 241.3 millimeters (1 by 
9.5 inches).  A drawing of the specimen is found in Appendix A:  Fatigue Sample.  One 
end of the specimen had a small hole drilled in it to provide a way to suspend the 
specimen for the volume fraction measurements. 
The specimens were then weighed to determine fiber volume fraction.  The 
volume fraction measurement procedure is described in section IV.  The volume fraction 
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was used as a quality control measure to make sure the specimens being tested had 
similar fiber volume fraction and therefore were similar in strength. 
After determining the volume fraction, the width and thickness were measured 
using calipers with 0.01 millimeter (0.0005 inch) resolution and the measurement 
recorded.  The area was then calculated using the relation 
wtA =        
where 
=A Area       
=w specimen width      
=t specimen thickness     
The ends of the specimens were then tabbed to prepare them for fatigue testing.  
The tabbing material was a 1 millimeter (0.040 inch) thick G10/FR4 glass/epoxy 
composite.  The thickness was determined by the size of the Teflon spacer used in the 
anti-buckling fixture.  The tabs were cut to 25.4 millimeter (1 inch) by 50.8 millimeter   
(2 inch) rectangles and glued to the ends of the specimen with M-Bond 200 adhesive.  
After tabbing, the specimens were ready for placement in the anti-buckling fixture and 
testing. 
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V.  Experimental Setup and Procedure 
Overview 
With the samples cut, they were now ready for testing and analysis.  The first step 
was to determine the fiber volume fraction.  The next step was to tab the specimens and 
place them in the anti-buckling fixture.  The fixture and specimen were then placed in the 
MTS machine and the fatigue test was started.  The tests ran until specimen failure or      
1 million cycles. 
Volume fraction measurement 
Several methods are in used to determine the fiber volume fraction of composite 
materials [16:310-311].  Two require the destruction of a sample of material.  The first is 
the ignition or burnout method (ASTM D2584), which involves weighing the composite 
sample and then completely burning the matrix.  The residue is washed, dried, and 
weighed.  The volume fraction is then calculated.  The second is the acid digestion 
method (ASTM D3171), which is similar, using an acid to digest the matrix.   
There are also non-destructive methods to determine fiber volume fraction.  One 
way is to use photomicrographs to find the ratio of the total area of the fibers to the total 
area imaged.  Another non-destructive method of determining fiber volume fraction is to 
relate the density of the composite and its constituents to each other.  This is referred to 
as the density method and is based on ASTM D792.  This method was used by Bolick, 
[6:88-89] and was selected for this research also.  Using the density method allowed the 
fiber volume fraction of each sample to be determined rather than testing small areas of 
the panel.  This method uses the density of the composite and its constituents to calculate 
the fiber volume fraction.  To use this method, the assumption was made that there were   
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few (<1%) or no voids or areas of porosity in the panel.  One of the advantages to using 
the VARTM process to manufacture the panels is that the number of voids is minimized.  
This allowed the volume fraction to be obtained through the relationship 
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fV ρρ
ρρ
−
−
=        
 
where  
=fV  fiber volume fraction     
=cρ  composite density (g/cc)    
=mρ  matrix density (g/cc)     
=fρ  fiber density (g/cc)     
The values for density of the matrix and fibers were obtained from the 
manufacturer.  The density of the composite was determined using a relation of the dry 
mass to wet (submerged)  mass of the samples 
w
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where 
=cρ  composite density (g/cc)    
=am  dry mass (grams)     
=wm  wet (submerged) mass (grams)   
=wρ  deionized water density    
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The samples were weighed on a balance with 0.0001 gram resolution and their 
mass was recorded.  The balance was placed on an elevated platform to provide clearance 
to suspend the samples in water.  After obtaining the dry mass, an aluminum bar was 
placed on the balance, with one end overhanging a graduated cylinder filled with 
deionized water.  A wire with hooks bent into both ends was suspended through a small 
hole in the bar into the water.  Once the setup was in place, the balance was zeroed.  The 
sample was placed on the hook in the water and submerged in the water.  After inspecting 
the sample to ensure it was not touching the sides and that no air bubbles were attached to 
the surface of the sample, the wet mass was recorded.  If air bubbles were attached to the 
sample, the sample was agitated in the water to dislodge them.  Pre-wetting the samples 
before submerging them minimized the number of air bubbles on the surface. After 
drying, the samples were tabbed in preparation for fatigue testing. 
Inspection of failed samples 
Samples were prepared for inspection by wet sanding the edges using silicon 
carbide wet/dry sandpaper starting with 280 grit.  Progressively finer grit paper was used, 
ending with 2000 grit.   
The samples were then inspected under a Zeiss binocular microscope with a built 
in CCD camera.  This instrument worked well for visual inspection of the samples.  
While damage to the specimens was visible through the microscope, it was difficult to 
see any detail in the pictures taken.  As a result, the binocular microscope was used to 
determine the limits of the damage zone.  The samples were marked beyond the damage 
zone for cutting to prepare them for inspection using the scanning electron microscope 
(SEM).   
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The samples were wet cut where marked using a diamond cutting wheel.  The cut 
portions were then mounted on aluminum toadstools using silver paste.  The purpose of 
the silver paste and the toadstools was to provide a means of conducting electrons from 
the sample ground in the SEM.  Carbon or gold coating of the samples was not necessary 
due to the conductive nature of the carbon fibers.  Figure 10 shows specimens ready for 
SEM inspection.  Images of the samples were taken using the SEM.  The minimum 
magnification level of the SEM was higher than the Zeiss instrument, limiting the ability 
to image the entire fracture zone at once, so it was necessary to progressively image the 
fracture zone. 
 
Figure 10:  Mounted specimens for SEM inspection 
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VI.  Results and Discussion 
Tension-compression fatigue testing was conducted on samples of a VARTM 
processed composite made of IM7/EPON 862.  The fatigue life data was tabulated, 
stress-fatigue life curves were plotted, and the failed specimens were inspected under a 
scanning electron microscope to determine the damage mechanisms experienced by the 
composite. 
Practice tests were conducted to gain experience using the test equipment and 
anti-buckling fixture.  Testing began after a level of proficiency was achieved on the 
equipment and with the procedures. 
S-N curve development 
Samples were tested under four different stress levels ranging from 85 percent to 
40 percent of the ultimate compressive strength of the composite.  Table 1 shows the data 
for the tension-compression fatigue testing.  The specimens had fatigue lives ranging 
from four cycles at 85 percent of the ultimate compressive strength, to a full test of 
1,000,000 cycles without failure at 40 percent.   
Table 1:  Tension-compression fatigue data 
Percent 
UCS Specimen 
Dry Wt 
(g) 
Wet Wt 
(g) 
Thickness 
(mm) 
Width 
(mm) 
Area 
(mm^2) 
Volume 
Fraction Cycles 
85 TC85-1 19.025 6.319 2.31 24.00 55.48 55.38% 4 
60 TC60-1 20.023 6.601 2.41 24.84 59.94 54.54% 4584 
60 TC60-2 18.795 6.169 2.25 25.17 56.58 54.05% 3399 
50 TC50-1 19.575 6.467 2.40 24.16 57.98 54.78% 423717 
40 TC-40-1 20.322 6.639 2.46 24.82 61.14 53.54% 1000000*
* did not fail 
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Green [19] fatigue tested the same composite material under tension-tension 
loading at an R value of 0.1.  Since the specimens were not put into compression, the 
testing was not conducted using the anti-buckling fixture.  His data is found in Table 2. 
Table 2:  Data for tension-tension fatigue of IM7/EPON 862 composite [19] 
Specimen 
Load Range 
(of UTS) R-Ratio Number of Cycles 
Specimen 1 70%-7% 0.1 105000 
Specimen 2 90%-9% 0.1 7288 
Specimen 3 85%-8.5% 0.1 19722 
To develop the fatigue life curve based on the stress range and the number of 
cycles, the magnitude of the applied stress ratio, σΔ , needed to be calculated.  Table 3 
gives the ultimate tensile and compressive strength values used to determine the stress 
range based on the percent of ultimate strength.  Static testing was conducted on samples 
cut from the composite panels to determine the value for the ultimate compressive 
strength by Ron Bolick and his team at North Carolina Agricultural and Technical State 
University.  The value for the ultimate tensile strength of the material was determined by 
static tensile testing conducted by Green during his research. 
Table 3:  Ultimate strengths of IM7/EPON 862 VARTM composite 
Ultimate compressive strength 251 MPa (36.4 ksi)
Ultimate tensile strength 889 MPa (129 ksi) 
Using these values, the stress range can be calculated and tabulated against the 
number of cycles a sample endured for both tension-compression and tension-tension 
loading.  This data and the fatigue life curve generated from it are found in Table 4 and 
Figure 11 respectively. 
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Table 4:  Stress range data 
Specimen 
Percent 
ultimate 
strength 
σΔ (MPa) Cycles 
Tension-compression 
TC85-1 85 426.6 4 
TC60-1 60 301.2 4584 
TC60-2 60 301.2 3399 
TC50-1 50 251.0 423717 
TC-40-1 40 200.8 1000000* 
Tension-tension 
Specimen 1 70 560.3 105000 
Specimen 2 90 720.4 7288 
Specimen 3 85 680.4 19722 
 * did not fail 
Fatigue Life of IM7/EPON 862 VARTM Composite Based on Stress 
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Figure 11:  Stress range versus fatigue life 
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The fatigue life of this composite can also be characterized as a function of the 
maximum applied stress, maxσ .  The maximum stress was calculated from the data in 
Table 3 and Table 4.  The values for the maximum stress and the corresponding fatigue 
life curve are found in Table 5 and Figure 12 respectively. 
These two fatigue life curves are different from typical stress range and maximum 
stress fatigue life curves for homogeneous materials.  In homogeneous materials, samples 
exposed tension-tension fatigue loading have a lower fatigue life than those tested under 
tension-compression fatigue loading at a given maximum stress level.  This can be 
attributed to the tensile and compressive properties for homogeneous materials being 
similar if not equal.  In the case of the IM7/EPON 862 material, the ultimate compressive 
strength is almost four times lower than the ultimate tensile strength.  This is due to the 
reinforcing fibers being very strong under tensile loading, but weak under compressive 
loading. 
In addition, there are no interface related issues, factors, or phenomenon in a 
homogeneous material as there are in composites.  Crack growth occurs in a 
homogeneous material primarily when the material is in tension.  When the material is 
placed under compressive loading, the crack closes and does not grow, since there are no 
stresses present that would tend to open the crack.  In composites, however, crack growth 
can occur when compressive loads are applied due to the non-homogeneity of the 
composite material.  Whenever a load, tensile or compressive, is applied to a composite 
material, stresses are present at the fiber-matrix interfaces and between layers of the 
composite.  When the interfacial or interlaminar stresses exceed the strength of the 
matrix, additional damage will occur to the material.   
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Table 5:  Maximum stress data 
Specimen 
Percent 
ultimate 
strength 
maxσ (MPa) Cycles 
Tension-compression 
TC85-1 85 213.3 4 
TC60-1 60 150.6 4584 
TC60-2 60 150.6 3399 
TC50-1 50 125.5 423717 
TC-40-1 40 100.4 1000000* 
Tension-tension 
Specimen 1 70 622.6 105000 
Specimen 2 90 800.5 7288 
Specimen 3 85 756.0 19722 
 
Fatigue Life of IM7/EPON 862 VARTM Composite Using Maximum 
Stress Criterion
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Figure 12:  Maximum stress versus fatigue life 
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Both fatigue life curves for the tension-compression loading scenario shows a 
steep drop in the allowable stress range early in the fatigue life of the material.  For this 
material, once the stress range drops below around 275 MPa and maximum stress drops 
below around 140 MPa, a slight decrease in the applied stress range and maximum stress 
experienced by a structural component made from this composite system yields a 
dramatic increase in the fatigue life of the component. 
The curve for the tension-tension fatigue tests shows a similar drop in allowable 
stress range early in the fatigue life.  If additional tests were done at lower percentages of 
the ultimate tensile strength of the material, it is likely the curve will exhibit a similar 
region where a small decrease in the stress range applied to the specimen will result in a 
large increase in fatigue life.  Additional testing would have to be carried out to 
determine where this region would fall. 
Another useful representation of fatigue data is the normalized stress-fatigue life 
curve.  This plot allows different materials, or in this case, the same material with 
significantly different ultimate tensile and compressive strengths, to be compared to each 
other to determine which material or loading condition yields a higher fatigue life.  This 
plot is a semi-log plot where the normalized maximum applied stress, ultimateσσmax , is 
plotted against the log of the number of cycles to failure.  The fatigue behavior can be 
modeled by a straight line representation on the semi-log plot.  These straight line models 
yield a slope and y-intercept for the material and loading condition.  By comparing these 
straight line representations of the fatigue response, materials and loading profiles can be 
found that will produce higher fatigue lives than other materials and loading profiles for 
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structural components used in aerospace applications.  The equation for the normalized 
stress-fatigue life relation is 
dNm
u
m += log
σ
σ       
where 
=
uσ
σmax normalized stress     
=m slope       
=N number of cycles      
=d y-intercept      
A smaller value for m indicates better fatigue performance, as does a higher value 
for the y-intercept.  The normalized data for tension-compression loading is plotted along 
with the results for tension-tension loading done by Green in Figure 13. 
Fatigue Life of IM7/EPON 862 VARTM Composite-Normalized
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Figure 13:  Normalized S-N curve for IM7/EPON 862 composite 
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The normalized stress-fatigue life plot shows that tension-compression loading 
produces a fatigue curve with a smaller magnitude for the slope than tension-tension 
loading, but the y-intercept for the tension-tension loading is higher.  Other comparisons 
can be made to the IM7/EPON 862 material used in this research.  Bolick determined m 
and d values for tension-compression fatigue of an AS4/epoxy composite manufactured 
using the VARTM process [6:149].  Table 6 shows the comparison of the IM7 material 
used in this research to the unstitched AS4/EPON 9504 material used by Bolick. 
Table 6:  Comparison of fatigue performance 
Material R value Slope (m) y-intercept (d) 
IM7/EPON 862 -1 -0.0334 0.8884 
IM7/EPON 862 0.1 -0.0765 1.5905 
AS4/EPON 9504 -1 -0.047 1.042 
In making these comparisons, it can be seen that the fatigue performance for the 
IM7/EPON 862 material and the AS4/EPON 9504 material under tension-compression 
loading is comparable.   
When comparing the fatigue performance of the IM7/EPON 862 material under 
tension-compression loading to tension-tension loading, it can be seen that while the 
slope of the tension-tension line is higher, the y-intercept is also higher.  In a direct 
comparison of the data at 85 percent of the ultimate strength of the material, the specimen 
under tension-compression loading failed at four cycles, while the specimen under 
tension-tension loading failed at 19,722 cycles.  The magnitude of the loading on the 
tension-tension samples was higher, since the percent values were based off of the 
ultimate tensile strength, which is almost four times greater than the ultimate compressive 
strength of the material which is the baseline for the tension-compression loading. 
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The difference in the fatigue lives of specimens loaded in a tension-compression 
mode and those loaded in a tension-tension mode can be attributed to the nature of 
composite material.  The reinforcement in the composite has very good tensile properties, 
but is weak in compression.  During tension-tension fatigue testing, the sample stays in 
the regime where the performance of the material is dominated by the tensile 
characteristics of the reinforcing fibers.  The fibers carry the bulk of the load.  On the 
other hand, the matrix is subject to matrix cracking when put in tension, especially in and 
around the fill tows, but is less of a factor on the strength of the material, since the fibers 
are carrying the bulk of the load.  It becomes more of a factor near failure, however, as 
damage to the matrix and matrix-fiber interface accumulates and limits the ability of the 
matrix to transfer loads from failed fibers to intact neighboring fibers.   
Tension-compression loading is a more severe loading condition for composites.  
Like the tension-tension loading, the fibers carry most of the load while the sample is in 
tension.  The matrix is also subject to cracking in and around the fill tows when tensile 
loading is applied.  The difference between the two loading conditions is when the 
sample is put into compression.  The fibers are subject to buckling, but are restrained by 
the matrix.  The damage sustained by the matrix during tensile loading diminishes its 
capability to prevent the fibers from experiencing compressive failures such as kinking.  
Another mechanism that is seen is fiber fractures near the matrix cracks.  As a result, in 
one tension-compression cycle, the composite experiences localized matrix failures 
which may be followed by localized fiber failures.  As cycling continues, more damage 
occurs to the matrix during tensile loading, leading to more fiber failures during 
compressive loading.  Ultimately, the level of damage to the matrix is high enough that 
 45
 
its interlaminar strength is decreased enough to allow delamination to occur.  In addition 
to delamination, fiber failure also occurs, leading to a global failure.  These failures are 
discussed with additional details in the following section.  Failed samples are shown in 
Figure 14. 
 
Figure 14:  Failed tension-compression specimens 
The reason for failure of composites in tension-compression and tension-tension 
fatigue loading is the same.  The composite fails when a sufficient level of damage 
accumulates.  The main difference is that tension-compression loading accumulates 
damage faster than tension-tension loading. 
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Damage and failure mechanisms 
After failure of the specimens, they were inspected under optical and scanning 
electron microscopes to view the damage that occurred during testing.  The samples were 
first examined using a binocular optical microscope to determine the extent of the 
fracture zone.  Overall views of the edge were recorded, and the edges were marked 
beyond the edge of the fracture zone.  After marking the edge of the fracture zone, the 
samples were cut and mounted so they could be examined in the SEM.  In this section, 
the types of damage to the samples is examined, discussed and shown through the SEM 
images. 
As loads are applied to composites, the stresses build up until localized cracking 
of the matrix occurs.  These cracks grow until they are arrested by reinforcing fibers, at 
which point they slow or are stopped.  Additional loading on the material can raise local 
stresses to a point where the reinforcing fiber that stopped the crack or the matrix-fiber 
interface fails.  If this occurs, the crack begins to grow again, until it is stopped by other 
fibers.  This process of localized failure followed by stress redistribution is key to the 
resistance of the composite to failure.   
Under fatigue loading, the ability of the composite to slow the accumulation of 
damage that leads to failure and increase its fatigue life depends on a number of factors 
including the resin toughness, reinforcing fiber type, form of reinforcement, cyclic 
frequency of loading, temperature, and environmental conditions.  The typical process of 
damage accumulation under tension-tension loading is illustrated in Figure 15.  Initially, 
there is a rapid increase in the amount of damage seen by the composite.  This damage 
starts out in the form of matrix cracking and fiber breakage.  In the second phase, the 
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growth in the amount of damage slows as the initial damage consolidates.  In this phase, 
cracks join, leading to debonding and ultimately delamination.  The final phase shows an 
increase in the rate of damage growth as delaminations grow and increased fiber 
breakage occurs. 
 
Figure 15:  Stages of fatigue damage accumulation in composites [27:29] 
The process of damage accumulation under tension-compression loading was 
investigated in this research and appeared to follow a very similar progression.  The 
weakest part of the material is the fill tows, which are perpendicular to the loading axis 
and subject to matrix cracking.  Another weak part of the material is at the weave 
crossover points.  These are resin rich areas subject to high local stresses when the 
sample is put in tension due to straightening of the warp fibers while under tensile load.  
As a result, these areas are also subject to matrix cracking.  This leads to the conclusion 
that the initial damage mechanism is matrix cracking in the fill tows and at weave 
crossover points.  These matrix cracks grow as the specimen undergoes additional 
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cycling, leading to delamination and debonding.  Fiber breakage also occurs.  Kinking 
and brittle fracture were observed as the modes of fiber breakage.  The next stage is 
characterized by crack and delamination merging and additional fiber breakage.  
Ultimately, enough damaged areas combine and the material fails.  This damage occurs 
throughout the material and not just in the immediate vicinity of the final fracture surface.  
Matrix cracks were found about 15 millimeters from the fracture surface.  Figure 16 
shows a graphic representation of the damage progression. 
Matrix cracking 
Crack growth, 
delamination, 
debonding 
Crack merging, 
fiber breakage Failure 
Progression of Damage 
 
Figure 16:  Tension-compression damage progression 
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General characteristics of failed specimens 
Under the tension-compression fatigue done for this research, final failure of the 
specimen could occur as either a tensile failure or a compressive failure.  Tensile failures 
were possible even though the ultimate tensile strength of the composite was nearly four 
times the ultimate compressive strength.  This can happen when there is a large amount 
of fiber breakage in the compressive phase, but not enough to experience a compressive 
failure, just before application of the final tensile load that causes failure.  The application 
of the tensile load causes stresses in the remaining intact fibers that exceed their ultimate 
tensile strength, leading to failure.  This type of failure is characterized by matrix cracks, 
delaminations, fiber breakage, and fiber pullout.  There will also be evidence of localized 
compressive failures, such as shear failures of fiber tows or fiber buckling.  None of the 
samples appeared to have had a tensile failure as the final failure mode. 
A final failure that was compressive in nature was observed for all specimens 
tested.  As damage accumulates, the ability of the material to resist compressive forces is 
decreased.  A final compressive failure is characterized by matrix cracking, 
delaminations, shear failure of fiber tows, and fiber kinking.  An example of a specimen 
that failed in compression is shown in Figure 17.  It shows the shear failure of the fiber 
tows at the fracture surface, indicative of a compressive failure. 
 
Shear failure of fiber tows 
Figure 17:  Compressive failure 
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Matrix cracking 
Matrix cracking in the fill tows and at the warp-fill tow crossover points when the 
sample is put under tensile loading is the likely initial localized failure point.  As the 
matrix cracks grow, the material begins to delaminate around the fill tows, as seen in 
Figure 18.  This image was taken approximately 10 millimeters (0.5 inches) away from 
the fracture surface.  This was just one instance of many matrix cracks observed away 
from the fracture surface, indicating that this damage mechanism operates throughout the 
composite as it is stressed and not just at the fracture surface. 
 
Delamination 
Matrix 
cracking 
Figure 18:  Matrix cracking and delamination around transverse tow 
In addition to causing delamination, matrix cracking can also lead to fiber 
breakage.  The crack moves internally through the matrix until it comes to a layer of 
carbon fiber, which arrests the crack growth.  As further cycling is applied to the sample, 
the fiber is unable to carry the increased stress, leading to fiber breakage.  Figure 19 
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shows an instance of fiber breakage at a matrix crack.  This damage is approximately five 
millimeters away from the fracture surface.  The matrix crack extends into the warp tow 
where the fiber breakage occurs. 
 
Matrix 
crack 
Broken 
fibers 
Figure 19:  Fiber breakage at matrix crack 
Delamination 
Delamination is caused by the growth of matrix cracks and interlaminar 
debonding.  Delamination can result from manufacturing defects, such as dry spots or 
voids in the composite, or from applied loading, or a combination of the two.  Figure 20 
shows an example of a delamination that has developed at a matrix crack.  Figure 21 
illustrates internal and edge delamination.  These delaminations are approximately three 
millimeters from the fracture surface, which is located up and to the right of this image. 
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Delamination 
Matrix 
cracking 
Figure 20:  Delamination at matrix cracks 
 
Internal delamination 
Edge delamination 
Figure 21:  Internal and edge delamination 
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Debonding 
Debonding of carbon fibers from the matrix was also seen.  Debonding occurs 
when the interface between individual fibers in the tows and the matrix fails.  This failure 
can cause the end of the tow to look like a brush when large numbers of fibers debond.  
This debonding failure at the fracture surface is illustrated in Figure 22.   
 
 
Fiber 
debonding 
Figure 22:  Debonding of fiber tows 
Fiber breakage 
As delaminations and matrix cracks spread and merge, the ability of the matrix to 
support the reinforcing fibers and redistribute stress from damaged to undamaged areas is 
diminished.  Fiber breakage is the result.  Two modes of fiber breakage were observed in 
the failed samples.   
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The first is fiber kinking, an example of which can be seen in Figure 23.  The 
warp tow kinked and then was pushed into the fill tow as additional compressive loading 
was applied.  Figure 24 shows a close up of the kinked fibers.  This fiber kinking 
occurred at the fracture surface, most likely at or near the time of final failure.  The warp 
fiber appears to have kinked, and as additional load was applied, the broken fiber was 
pushed up and to the left into the neighboring fill tows. 
 
Fiber 
kinking, 
enlarged 
below 
Figure 23:  Compressive fiber failure 
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Figure 24:  Close up of fiber kinking 
Another example of fiber kinking was seen at the leading edge of a delamination.  
This damage was seen at the fracture surface and can be seen in Figure 25.  The fiber 
kinking is small enough that it is difficult to see at relatively low magnification.  Close up 
views of the kinked fibers are shown in Figure 26 and Figure 27. 
The second type of fiber breakage appeared to be a brittle fracture.  These fiber 
fractures were observed at matrix cracks, and were more frequent than the fiber kinking 
failures seen in Figure 23 through Figure 27.  The fracture of warp fibers at a pair of 
matrix cracks is shown in Figure 28, and enlarged in Figure 29.  This was the most 
common type of fiber breakage observed at the fracture surface. 
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Fiber 
kinking, 
enlarged 
below 
Delamination 
Figure 25:  Fiber kinking at delamination 
 
Fiber 
kinking, 
enlarged 
below 
Delamination 
Figure 26:  Close up view of fiber kinking 
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Figure 27:  Close up view of kinked fibers 
 
Matrix 
cracks 
Broken 
fibers
Enlarged 
below 
Figure 28:  Brittle fracture of fibers at matrix cracks 
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Figure 29:  Close up view of brittle fracture of fibers 
 
Specimen failure 
The failure of the specimen occurred when localized areas of damage merged, 
increasing the stress on neighboring undamaged areas.  The increased stress accelerated 
the accumulation of damage until the specimen failed.  Figure 30 and Figure 31 show two 
examples of fiber failure at a matrix crack.  Both of these failures occurred at the fracture 
surface. 
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Fiber 
failure Matrix crack 
Figure 30:  Failed specimen showing fiber failure at matrix crack 
 
 
Matrix crack 
Fiber 
failure 
Figure 31:  Failed specimen showing fiber failure at matrix crack 
All failed specimens showed similar damage.  All specimens showed evidence of 
compressive failure, with most of the warp tows of a single layer failing at a common fill 
tow across the width of the specimen.  Figure 32 through Figure 37 show the fracture 
surfaces and edges for failed samples at different load levels.  The fracture of the warp 
tows in a layer across the width of the sample can be seen in Figure 32, Figure 34, and 
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Figure 36.  A large internal delamination developed in the 85 percent sample.  This 
delamination can be seen in Figure 33. 
 
 
 
 
Figure 33:  85% sample edges Figure 32:  85% sample fracture surfaces 
 
 
 
 
Figure 35:  60% sample edges Figure 34:  60% sample fracture surfaces 
 
 
 
 
Figure 37:  50% sample edges Figure 36:  50% sample fracture surfaces 
 
 
Fractography 
The next three sections will show additional detailed SEM photographs 
representative of the damage sustained by each sample.  The samples were viewed on the 
edge by the SEM.  The pictures were taken at various points throughout the fracture zone. 
Failure at eighty five percent ultimate compressive strength 
The specimen tested at 85 percent of the ultimate compressive strength showed 
shear failures of the warp tows indicative of a compressive failure.  Figure 38 shows the 
fracture surface with an example of this type of fiber breakage at a matrix crack as 
discussed in the general failure characteristics.  This type of damage was common along 
the edge of the specimen.  Also visible is an internal delamination at a matrix crack.  A 
close up view of this area is shown in Figure 43. 
 
Area 
shown in 
Figure 43 
Matrix 
crack 
Fiber 
failure 
Figure 38:  Fiber failure at matrix crack 
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This specimen also showed areas of fiber buckling at the fracture surface, which 
can be seen in Figure 39.  The boxed region shows a warp tow that buckled and failed.  
The portion of the fiber tow in the right of the image was then pushed into the adjacent 
fill tows as compressive loading continued.  Figure 40 and Figure 41 are a close up view 
of the fiber buckling region.  Matrix cracking can also be seen in these images. 
 
Area 
shown in 
Figure 40 
Figure 39:  Kinking fiber failure 
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Fill tows 
Kinked 
fibers 
Figure 40:  Close up of fiber kinking 
 
Figure 41:  Additional closeup of kinked fibers 
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This specimen also exhibited areas of delamination.  An edge delamination 
approximately nine millimeters away from the fracture surface is illustrated in Figure 42.  
Figure 43 shows a close up view of an internal delamination at a matrix crack seen in 
Figure 38.  The internal delamination is located approximately 0.5 millimeters from the 
fracture surface. 
 
Edge of 
specimen Delamination 
Figure 42:  Edge delamination 
 65
 
 
Matrix 
cracks 
Delamination 
Figure 43:  Internal delamination at matrix crack 
Failure at sixty percent ultimate compressive strength 
The sample tested at sixty percent of the ultimate compressive strength showed 
damage characteristic of a compressive failure.  Like the 85 percent specimen, the sixty 
percent specimens experienced shear failure of warp tows at matrix cracks or crossover 
points in the fabric weave.  Figure 44 illustrates the shear failure of warp tows in the 
vicinity of fill tows.  In this case, the fill tows are no longer attached to this half of the 
specimen.  Another clue to the compressive nature of this failure is illustrated in Figure 
45, where a warp tow has failed near the fracture surface and appears to have been 
pushed into an internal delamination between the warp tow and the neighboring fill tow.  
Fiber kinking can also be seen within 0.5 millimeters of the fracture surface.  This 
kinking is enlarged in Figure 46 and Figure 47. 
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Location of 
fill tows 
Shear 
failure of 
warp tows 
Figure 44:  Shear failure of warp tows near fill tows 
 
Fiber 
kinking, 
enlarged 
below 
Internal 
delamination Failed 
fiber tow 
Figure 45:  Compressive warp tow failure 
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Fiber 
kinking, 
enlarged 
below 
Figure 46:  Fiber kinking 
 
Figure 47:  Close up of fiber kinking 
 68
 
Other damage to specimens tested at the sixty percent level includes fiber 
breakage, fiber pullout, internal delamination, and external delamination.  Figure 48 
shows the debonding, fiber breakage and pullout near the fracture surface, in addition to 
edge and internal delamination.  The fracture surface is at the top and right of the image. 
 
Internal 
delamination 
Debonding, 
fiber 
breakage 
and pullout 
Edge 
delamination 
Figure 48:  Delamination, fiber breakage and pullout 
Additional areas of delamination are shown in Figure 49 and Figure 50.  These 
areas of delamination are within approximately 0.5 millimeters of the fracture surface.  A 
common area for delaminations appears to be around the fill tows, which are 
perpendicular to the loading axis.  Fiber breakage at matrix cracks can be seen in Figure 
51 and Figure 52, with a close up view of the fiber breakage shown in Figure 53. 
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Internal 
delamination 
Edge 
delamination 
Figure 49:  Edge and internal delamination 
 
Internal 
delamination 
Edge 
delamination 
Figure 50:  Delamination and matrix cracking 
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Fracture 
surface 
Area enlarged 
below 
Figure 51:  Fiber breakage at edge of fill tow and matrix cracks 
 
Fill tow 
Area 
enlarged 
below 
Fiber 
breakage 
Matrix 
cracks 
Figure 52:  Fiber breakage at fill tow and matrix cracks enlarged view 
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Figure 53:  Close up of fiber breakage at matrix crack 
Failure at fifty percent of ultimate compressive strength 
The ultimate failure of the samples tested at fifty percent of the ultimate 
compressive strength also exhibited signs of compressive failure as the final failure 
mode.  Figure 54 shows the damage at the fracture surface.  Shear failures of warp tows 
were observed at what appear to be matrix cracks in the fill tows.  This sample 
experienced some crushing to the fracture zone, which caused additional matrix cracking 
in the fill tows.  The matrix cracks identified in Figure 54 are consistent with matrix 
cracks seen in other samples due to fatigue damage accumulation.  Presence of failed 
warp fibers at the location of the matrix cracks also indicates they were present prior to 
crushing and contributed to the failure of the warp fibers.  Figure 55 provides a closer 
view of one of the fiber failures.   
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Matrix cracks 
in fill tow 
Area enlarged 
below 
Warp tow 
shear failure 
Figure 54:  Compressive failure 
 
Failed warp 
tow 
Figure 55:  Fiber failure 
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Matrix cracking and delamination were also observed throughout the sample.  
Matrix cracks were seen as far away as 15 millimeters from the fracture surface.  Figure 
56 shows a matrix crack in a fill tow located approximately 15 millimeters from the 
fracture surface.  Figure 57 illustrates matrix cracking and delamination that was 
observed approximately 10 millimeters from the fracture surface.  Other instances of 
delamination are shown in Figure 58 and Figure 59.  Figure 58 is located approximately 
two millimeters from the fracture surface, and also shows an instance of fiber breakage 
and pullout.  Figure 59 illustrates an internal delamination located approximately six 
millimeters from the fracture surface. 
 
Matrix 
crack  
Figure 56:  Matrix crack 
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Internal 
delamination  
Matrix 
cracks  
Figure 57:  Matrix cracking and delamination 
 
Fiber 
breakage 
and 
pullout 
Delamination  
Figure 58:  Fiber breakage and pullout, delamination 
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Internal 
delamination  
Figure 59:  Delamination 
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VII.  Conclusions and Recommendations 
The tension-compression fatigue performance evaluation of a carbon fiber/epoxy 
composite manufactured using a new, low cost manufacturing technique was the 
objective of this research.  The suitability of composites manufactured by the VARTM 
process for use in aerospace applications depends on the ability of the material to resist 
damage from cyclic loading.  The overall fatigue performance of this IM7/EPON 862 
composite under tension-compression loading was compared to the tension-tension 
fatigue performance of the same material and to the tension-compression performance of 
an AS4/epoxy composite manufactured using the VARTM process. 
Conclusions from research 
Several conclusions were made regarding the tension-compression fatigue 
response of an IM7/EPON 862 composite manufactured using the VARTM process.  
Tension-compression fatigue loading was shown to be a more severe fatigue loading 
condition than tension-tension loading.  The fatigue life of specimens tested in the 
tension-compression mode was found to be significantly shorter than the fatigue life of 
specimens tested by Green in the tension-tension mode.   
It was also observed that when a comparison between the VARTM processed 
IM7/EPON 862 composite and the AS4/epoxy composite tested by Bolick was made, it 
showed that these two materials have very similar tension-compression fatigue 
performance.   
The apparent final failure mode for tension-compression fatigue samples was a 
compressive failure.  While all of the samples showed signs of compressive failure, some 
of the samples showed signs of localized tensile failure, such as fiber pullout.  All 
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samples showed high levels of accumulated damage.  Matrix cracking, delamination, and 
fiber breakage were the most prevalent damage.  Other damage observed included 
microbuckling, fiber kinking, debonding, and fiber pullout.  Damage accumulation likely 
begins with matrix cracking in the fill tows and at woven tow crossover points.  These 
cracks cause localized delamination and fiber breakage.  As the material experiences 
additional loading, cracks and delaminations continue to grow and merge.  Localized 
damage causes stresses in the intact warp fibers to increase until they exceed the ultimate 
strength of the fibers.  The ultimate failure or the material then occurs.  Figure 60 
illustrates the observed damage progression of the material until failure. 
Progression of damage 
 
Failure of 
composite 
Matrix 
cracking 
Matrix crack 
growth, 
delamination 
Crack and 
delamination 
merging, 
fiber failure 
Figure 60:  Damage progression of composite for tension-compression fatigue loading 
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This research also showed that damage and localized failure of the composite is 
not limited to the immediate vicinity of the fracture zone.  The damage accumulated by 
the composite occurs throughout the material while cyclic loading is applied, as was 
observed through SEM inspection of the failed samples.   
Recommendations for further research 
Additional research on composites manufactured using the VARTM process is 
warranted.  If these composites are to be widely used in aerospace systems, how they 
perform at various temperatures needs to be understood.  Further research on this 
composite system at both elevated and low temperatures will aid in this.   
Further research investigating how changes to the fiber or matrix of this 
composite system impacts its performance will also contribute to discovery of improved 
materials.  A field that may have potential in this area is research in nanotechnology, 
particularly nanoparticle reinforcement of composites.  Further research is needed to 
determine if nanoparticles can improve the fatigue performance of composite materials.  
This research provides a baseline for tension-compression fatigue behavior of this 
IM7/EPON 862 composite manufactured using the VARTM process.  Further work on 
this composite system to see how nanoparticles affect the static and dynamic mechanical 
properties of this composite system is recommended. 
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Appendix A:  Fatigue Sample 
 
Figure 61:  Test sample 
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